MAGNETIC RECORDING MEDIUM, METHOD OF MANUFACTURE THEREFOR, AND 
APPARATUS FOR MAGNETIC REPRODUCING AND REPRODUCING RECORDINGS 

This application is a continuation-in-part application of U.S. Patent Application No. 
10/082,201 filed on February 26, 2002, which claims benefit of Provisional U.S. Patent 
Application No. 60/275102 filed on March 13, 2001, and claims priority of Japanese Patent 
Application No. 2001-055950 filed on February 28, 2001, the contents of all of which are 
incorporated herein by reference. 

BACKGROUND OF THE INVENTION 

Field of the Invention 

This invention relates to a magnetic recording medium, a method of manufacture 
therefor, and for an apparatus for magnetic recording and reproducing using this magnetic 
recording medium. 

Description of the Related Art 

So-called perpendicular magnetic recording media, in which the axis of easy 
magnetization within the magnetic film is arranged generally perpendicularly, have received a 
great deal of attention because the effect of the demagnetizing field at the bit boundaries is 
small even when high recording density has been realized, it is possible to achieve noise 
reduction due to the formation of magnetic recording domains which have distinct boundaries, 
and moreover, for having strong thermal fluctuation effects because it is possible to realize high 
recording density even if the comparative bit volume is large. 

For example, in Japanese Patent Application, First Publication No. Hei 7-44852, a 
magnetic recording medium having a perpendicular magnetic film comprising a CoCrPtTa 
alloy and soft magnetic backlayer is disclosed. 

hi Japanese Patent Application, First Publication No. Hei 5-334644, a magnetic 
recording medium having a perpendicular magnetic film comprising an alloy in which V has 
been added to a CoCrTa alloy is disclosed. 
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In Japanese Patent Application, First Publication No. Hei 5-343225, a magnetic 
recording medium having a perpendicular magnetic film comprising an alloy in which B has 
been added to a CoCrTa alloy is disclosed. 

In Japanese Patent Application, First Publication No. Hei 1 1-296833, a magnetic 
recording medium having a perpendicular magnetic film having a two-layered structure is 
disclosed. 

For perpendicular magnetic recording media, in order to obtain magnetic characteristics 
such as coercive force and squareness ratio, it is important to increase the perpendicular 
orientation in the perpendicular magnetic film. 

However, with conventional magnetic recording media, when the orientation of the 
perpendicular magnetic film becomes better, since the direction of the growth of the crystals 
becomes uniform, the distance between the magnetic grains becomes smaller, and noise due to 
the effect of the exchange coupling increases. 

SUMMARY OF THE INVENTION 
In consideration of the above circumstances, an object of the present invention is to 
provide a magnetic recording medium with which it is possible to obtain improved noise 
characteristics, a manufacturing method therefor, and a apparatus for magnetic recording and 
reproducing. 

The magnetic recording medium of the present invention comprises on a non-magnetic 
substrate at least a soft magnetic undercoat film comprising a soft magnetic material, an 
orientation control film for controlling the orientation of the film directly above, a 
perpendicular magnetic film in which the axis of easy magnetization is oriented mainly 
perpendicularly with respect to the substrate, and a protection film. The perpendicular 
magnetic film has a structure in which a large number of magnetic grains are separated by a 
grain boundary layer, and the average separating distance between these magnetic grains along 
a straight line which connects the centers of gravity of neighboring magnetic grains is 1 nm or 
greater. 

The average grain diameter is preferably 4 to 12 nm. 
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It is preferable for the magnetic recording medium of the present invention to have a 
nucleation field (-Hn) of 0 (Oe) or greater as measured using a vibrating sample magnetometer. 
In the units of magnetic field strength, there is the conversion relationship of: 

4 7cxi0-^ (Oe)= l(A/m) 
The nucleation field is preferably a value measured at 70°C. 

It is preferable for the perpendicular magnetic film to comprise a CoCrPtX type alloy 
(where X is one or more of Mo, B, V, W, Zr, Re, Cu, Ru, Hf, Ir, and Y), and for the amount of 
X contained to be 0.5 to 15 at%. 

In the present invention, it is possible to adopt a constitution in which X is B and the 
amount of X contained is 10 at% or less. 

The perpendicular magnetic film may comprise Cr in an amount of 12 to 26 at%, Pt in 
an amount of 10 to 24 at%, X in an amount of 0.5 to 15 at%, and the remainder as Co. 

The perpendicular magnetic film preferably comprises Co and Cr, and when the Cr 
concentration in the magnetic grains is cl, and the Cr concentration in the grain boundary layer 
is c2, c2/cl is 1,4 or greater. 

The Cr concentration in the grain boundary layer is preferably 1 5 at% or greater. 

The perpendicular magnetic film may have a granular structure. 

A structure may be adopted in which a non-magnetic intermediate film is provided 
between the orientation control film and the perpendicular magnetic film, and the non-magnetic 
intermediate film comprises a CoCrPtXl type alloy (XI being at least one of Mo, Ta, B, V, W, 
Zr, Re, Cu, Ru, Hf, Ir, and Y), the content of Cr being 20 to 45 at%, the content of Pt being 5 to 
25 at%, the content of XI being 0.5 to 20 at%, and the remainder being Co. 

It is preferable that the content of Cr is 30 to 45 at%. 

The non-magnetic intermediate film preferably comprises Co and Cr, has a structure in 
which crystal grains having a high Cr content are separated by a grain boundary layer having a 
low Cr content, and the average separating distance between the crystal grains along straight 
lines which connect the centers of gravity of mutually neighboring crystal grains is 1 nm or 
greater. 

The average grain diameter of the crystal grains is preferably 4 to 12 nm. 
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The manufacturing method for a magnetic recording medium of the present invention is 
a manufacturing method for a magnetic recording medium having on a non-magnetic substrate, 
at least a soft magnetic undercoat film comprising a soft magnetic material, an orientation 
control film for controlling an orientation of a film directly above, a perpendicular magnetic 
film in which the axis of easy magnetization is oriented mainly perpendicularly with respect to 
the substrate, and a protection film, wherein the perpendicular magnetic film has a structure in 
which a large number of magnetic grains are separated by a grain boundary layer, and the 
average separating distance between the magnetic grains along a straight line which connects 
centers of gravity of mutually neighboring magnetic grains is 1 nm or greater. 

The apparatus for magnetic recording and reproducing of the present invention 
comprises a magnetic recording medium, and a magnetic head for recording and reproducing 
information on the magnetic recording medium, wherein the magnetic recording medium 
comprises on a non-magnetic substrate, at least a soft magnetic undercoat film comprising a 
soft magnetic material, an orientation control film for controlling an orientation of a film 
directly above, a perpendicular magnetic film in which an axis of easy magnetization is oriented 
mainly perpendicularly with respect to the substrate, and a protection film, and wherein the 
perpendicular magnetic film has a structure in which a large number of magnetic grains are 
separated by a grain boundary layer, and the average separating distance between the magnetic 
grains along a straight line which connects centers of gravity of mutually neighboring magnetic 
grains is 1 nm or greater. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a partial cross-section showing a first embodiment of the magnetic recording 
medium of the present invention. 

Figure 2 is a diagram showing the crystal structure of the magnetic recording medium 
shown in Figure 1 . 

Figure 3 is a hysteresis curve for the magnetic recording medium shown in Figure 1 . 
Figure 4 is a partial cross-section showing a second embodiment of the magnetic 
recording medium of the present invention. 
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Figure 5 is a partial cross-section showing a third embodiment of the magnetic 
recording medium of the present invention. 

Figure 6 is a schematic diagram showing an example of the magnetic recording and 
reproducing apparatus of the present invention. 

DESCRIPTION OF THE EMBODIMENTS 
Figure 1 shows a first embodiment of the magnetic recording medium of the present 
invention. The magnetic recording medium shown here has a structure in which a soft 
magnetic undercoat film 2, an orientation control film 3, a perpendicular magnetic film 4, a 
protection film 5, and a lubrication film 6 have been formed successively on a non-magnetic 
substrate 1. 

As the non-magnetic substrate 1 , metal substrates comprising a metal material such as 
aluminum, and aluminum alloy can be mentioned, and non-metal substrates comprising 
non-metal materials such as glass, ceramic, silicon, silicon carbide, and carbon can also be 
mentioned. 

As glass substrates, there are amorphous glass and crystallized glass, and as amorphous 
glass commonly used soda lime glass, and aluminosilicate glass can be mentioned. In addition, 
as crystallized glass, it is possible to use lithium type crystallized glass. As ceramic substrates, 
sintered compacts having commonly used aluminum oxide, aluminum nitride, silicon nitride, 
and the like as main components, and fiber reinforced products thereof can be mentioned. 

As the non-magnetic substrate 1 , it is possible to use one of the above-mentioned metal 
substrates or non-metal substrates on whose surface a NiP film has been formed using a plating 
method, a sputtering method, or the like. 

The mean surface roughness Ra of the substrate 1 is preferably 0.01 to 2 nm (and more 
preferably 0.05 to 1 .5 nm). When the mean surface roughness Ra is less than 0.01 nm, vibration 
in the magnetic head occurs readily, and when it exceeds 2 nm, it is easy for the glide 
characteristic to become unsatisfactory. 

The soft magnetic undercoat film 2 is provided to increase the perpendicular direction 
component of the magnetic flux output from the magnetic head, and to fix the magnetization of 
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the perpendicular magnetic film 4, in which data is recorded, more strongly in a direction 
perpendicular the substrate 1 . 

As the material for the soft magnetic undercoat film 2, it is preferable to use a Co alloy 
having an amorphous structure and containing 80 at% or greater of Co, and containing 2 at% or 
greater of at least one element selected from among Zr, Ta, Nb, and Y. 

As this material, CoZr, CoZrNb, CoZrTa, CoZrCr, and CoNbY type alloys or the like 
can be mentioned as suitable examples. 

In addition, as the material for the soft magnetic undercoat film 2, it is possible to use a 
Fe alloy containing 60 at% or greater of Fe, and containing 2 at% or greater of at least one 
element selected from among Ta, Zr, Al, Si, and Hf, and having a saturation magnetic flux 
density Bs(T) of 0.8 (T) or greater. 

As this material, FeAlSi, FeTaC, FeAlSiRuTi, FeHfO, FeTaN, and FeZrO type alloys 
and the like can be mentioned as being suitable. 

In addition, as the material for the soft magnetic undercoat film 2, it is possible to use a 
Fe alloy containing 60 at% or greater of Fe, and containing 2 at% or greater of at least one 
element selected from among O, N, B, and C, and having a saturation magnetic flux density 
Bs(T) of 0.8 (T) or greater. 

As this material, materials having a granular structure in which fine crystal grains are 
dispersed within a matrix, or having a fine crystalline structure such as FeN, FeTaC, FeHfO, 
FeTaN, FeAlO, FeB, and FeZrN type alloys can be mentioned as being preferable. 

The product Bs»t of the saturation magnetic flux density Bs of the soft magnetic 
undercoat film 2 and the thickness t of the soft magnetic undercoat film 2 is preferably 40T»nm 
or greater (and more preferably 60T«nm or greater). When Bs»t is less than the 
above-mentioned range, the reproduction waveform becomes such that it is distorted, and 
therefore, this is not desirable. 

The coercive force He of the soft magnetic undercoat film 2 is preferably made to be 
200 (Oe) or less (and more preferably 50(Oe) or less). 



6 



When the coercive force He exceeds this range, the soft magnetic characteristic is not 
satisfactory, and the reproduction waveform becomes a waveform having distortion from 
so-called square waves. 

In addition, the maximum magnetic permeability of the soft magnetic undercoat film 2 
is preferably 100 to 1,000,000 (and more preferably 1,000 to 500,000). 

When the maximum magnetic permeability is less than the above-mentioned range, 
writing to the magnetic recording medium during recording is unsatisfactory, and it is not 
possible to obtain satisfactory recording and reproducing characteristics. Magnetic 
permeability is a value expressed using CGS units. 

Since the surface morphology of the soft magnetic undercoat film 2 influences the 
surface morphology of the perpendicular magnetic film 4 and the protection film 5, in order for 
the surface inequality of the magnetic recording medium to be small, and the flying height of 
the magnetic head to be reduced, it is preferable for the average surface roughness Ra of the soft 
magnetic undercoat film 2 to be 2 nm or less. 

The orientation control film 3 controls the orientation and crystal grain diameter of the 
perpendicular magnetic film 4 provided directly above the orientation control film 3. This 
orientation control film 3 preferably has a two-layered structure comprising a first orientation 
control layer 3a and a second orientation control layer 3b, 

As the material for the first orientation control layer 3a, a material having as a main 
component one or more alloys from among NiAl, FeAl, CoFe, CoZr, NiTi, AlCo, AlRu, and 
CoTi can be used. In addition, it is possible to use a material in which elements such as Cr, Nb, 
V, W, Mo, B, O N, Ru, and Nd have been added to these alloys. 

When the above-mentioned two-element alloys (NiAl, FeAl, CoFe, CoZr, NiTi, AlCo, 
AlRu, and CoTi) are used, the proportion of the two components which make up the alloys is 
preferably 40 to 60 at% (and more preferably 45 to 55 at%) for all cases. 

A thickness for the first orientation control layer 3a of 0.1 to 50 nm (and preferably 1 .5 
to 30 nm) is suitable. 
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When this thickness is less than the above-mentioned range, the perpendicular 
orientation within the perpendicular magnetic film 4 is degraded, and the noise characteristics 
and thermal fluctuation resistance (or thermal stability) become inferior. 

In addition, when this thickness exceeds the above-mentioned range, the perpendicular 
orientation within the perpendicular magnetic film 4 is degraded, and the noise characteristics 
and thermal stability become inferior. 

The thermal stability means the difficulty with which output degradation due to thermal 
fluctuation (or thermal decay) occurs. The first orientation control layer 3a preferably has a bcc 
structure. 

The second orientation control layer 3b preferably comprises a material having as a 
main component one or two or more from among Ti, Zn, Y, Zr, Ru, Re, Gd, Tb, and Hf 

A thickness for the second orientation control layer 3b of 0.1 to 50 nm (and preferably 2 
to 25 nm) is suitable. 

When this thickness is less than the above-mentioned range, the perpendicular 
orientation within the perpendicular magnetic film 4 is degraded, and the recording and 
reproducing characteristics and the thermal stability become inferior. When this thickness 
exceeds the above-mentioned range, the crystal grains in the second orientation control layer 3b 
become coarse, the magnetic grains in the perpendicular magnetic film 4 become coarse, and 
the recording and reproducing characteristics are degraded. In addition, the distance between 
the magnetic head and the soft magnetic undercoat film 2 during recording and reproducing 
becomes greater, and the resolution of reproduction signals becomes degraded, therefore, this is 
not desirable. 

The second orientation control layer 3 b preferably has an hep structure. 

In this embodiment, the orientation control film 3 comprises a first orientation control 
layer 3a and a second orientation control layer 3b. However, the orientation control film 3 may 
have a single layer structure comprising first orientation control layer 3a or second orientation 
control layer 3b. 

The perpendicular magnetic film 4 is a magnetic film in which the axis of easy 
magnetization is oriented generally perpendicularly with respect to the substrate. 
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As the material for the perpendicular magnetic film 4, CoCr, CoCrPt, CoCrTa, and the 
like can be mentioned. 

Of these, in particular, it is preferable to use a magnetic material comprising a CoCrPtX 
type alloy (where X is one or more of Mo, B, V, W, Zr, Re, Cu, Ru, Hf, Ir, and Y). An amount 
of X of 0.5 to 1 5 at% is suitable (and 2 to 1 0 at% is preferable). 

When the amount of X contained is less than this range, the separating distancie between 
the magnetic grains 7 becomes smaller and this may lead to an increase in noise. When the 
above-mentioned range is exceeded, the coercive force is degraded. 

From the point of view of noise characteristics, it is preferable for the above-mentioned 
X to be B. In particular, when the amount of B contained is 10 at% or less, superior noise 
characteristics are obtained. 

In the material of the perpendicular magnetic film 4, it is preferable to use a CoCrPtX 
type alloy comprising Cr in an amount of 1 2 to 26 at%, Pt in an amount of 1 0 to 24 at%, X in an 
amount of 0.5 to 15 at%, and the remainder as Co. 

In the perpendicular magnetic film 4, it is possible to use a material in which a 
non-magnetic metal such as Ag, Ti, Ru, and C, or compounds thereof is added as a magnetic 
grain separating material to a magnetic material such as CoCr, CoCrPt, CoCrTa, CoCrPtX type 
alloys (wherein the amount of X is preferably 0.5 to 15 at% (and more preferably 2 to 10 at%)). 

In addition, as the magnetic grain separating material, oxides, nitrides, fluorides, and 
carbides can be used. More specifically, Si02, SiO, Si3N4, AI2O3, AIN, TiO, Ti02, TIN, BN, 
CaF2, TiC, and the like can be mentioned as examples. 

Depending on the composition, if the perpendicular magnetic film 4 contains Ta, the 
coercive force is degraded, therefore, a constitution which does not contain Ta is also possible. 

As shown in Figure 2, the perpendicular magnetic film 4 has a constitution in which 
large numbers of magnetic grains 7 are separated by means of a grain boundary layer 8. 

The magnetic grains 7 comprise the material shown as the material for the perpendicular 
magnetic film 4, for example, a CoCrPtX type alloy. The Cr concentration cl within the 
magnetic grains can be for example 8 to 1 5 at%. 

The average grain diameter of the magnetic particles 7 is preferably 4 to 1 2 nm. 
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When the average grain diameter is less than the above-mentioned range, the influence 
of the magnetic after-effect is too large, and when it exceeds the above-mentioned range, the 
noise characteristics are degraded, therefore, this is not desirable. 

The average grain size can be calculated in the following way. A circle having a surface 
area identical to that of the magnetic grains 7 is assumed, and the diameter of that circle is taken 
as the diameter of the magnetic grains 7. 

The diameter for a plurality of magnetic grains 7 is calculated by the same procedure, 
the average of the diameters of this plurality of magnetic grains 7 is calculated and taken as the 
average grain diameter. 

In calculating the average grain diameter, the number of magnetic grains 7 which form 
the subject of the grain measurement is suitably 100 or greater (and preferably 500 or greater). 
When the number of magnetic grains which form the subject of the measurement is below the 
above-mentioned range, the reliability of the data is degraded. 

The grain boundary layer 8 comprises constituent elements identical to those of the 
above-mentioned magnetic grains 7, for example CoCrPtX type alloys. However, the 
composition thereof is different from that of the magnetic grains 7. The grain boundary layer 8 
preferably has a constitution in which the Cr concentration c2 is higher than the Cr 
concentration cl in the magnetic grains 7. 

The Cr concentration c2 in the above-mentioned grain boundary layer 8 is preferably 1 5 
at% or greater. 

When the Cr concentration c2 is less than 1 5 at%, the exchange interaction between the 
magnetic grains 7 themselves increases, and this invites degradation of the noise 
characteristics. 

The ratio of the Cr concentration c2 in the grain boundary layer 8 with respect to the Cr 
concentration cl in the magnetic grains 7, in other words c2/cl , is preferably a value of 1 A or 
greater, and more preferably a value of 1.4 to 3.0. 

When this ratio is less than 1 .4, the relative concentration of the magnetic elements in 
the grain boundary layer 8 is increased, and grain boundary layer 8 easily becomes magnetized. 
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the exchange interaction between the magnetic grains 7 themselves increases, and this invites 
degradation of the noise characteristics. 

In the magnetic recording medium of the present embodiment, the average separating 
distance of the magnetic grains 7, in other words, the average separating distance A shown in 
Figure 2, is 1 nm or greater (and preferably 1 .5 nm or greater). 

When the separating distance A is less than 1 nm, the exchange interaction between the 
magnetic grains 7 increases and there is concem that this will invite degradation in the noise 
characteristics. 

It is preferable for this separating distance A to be 1/2 or less of the average grain 
diameter of the magnetic grains 7. When this separating distance A exceeds this range, the 
magnetization per volume decreases, and the coercive force is degraded. 

In the following, the procedure for calculating the average separating distance A 
between magnetic grains 7 based on a photograph (taken by TEM or the like) showing the 
crystal structure in the vicinity of the surface of perpendicular magnetic film 4 will be explained 
with reference to Figure 2. 

(1) Of the magnetic grains 7, the center of gravity is calculated for a specified magnetic 
grain (the specified magnetic grain indicated by reference 7a) and for neighboring magnetic 
grains 7b which neighbor the specified magnetic grain 7a. 

(2) The center of gravity 7c of the specified magnetic grain 7a, and the centers of gravity 
7d of the neighboring magnetic grains 7b are connected by drawing straight lines, and the 
separating distances al to a6 between the specified magnetic grain 7a and the neighboring 
magnetic grains 7b along these straight lines are measured. 

(3) The average value for the separating distances al to a6 of the straight lines between 
these centers of gravity is calculated. 

(4) Average values for the separating distances are calculated using procedure (1) to (3) 
for a plurality of magnetic grains 7, these average values for the separating distances of these 
plurality of magnetic grains 7 (specified magnetic grains 7a) are further averaged, and the 
above-mentioned average separating distance A is obtained. 
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In procedure (4), the number of magnetic grains 7 which form the subject of the 
separating distance measurement is suitably 100 or more (and preferably 500 or more). When 
the number of subject magnetic grains is less than the above-mentioned range, the reliability of 
the data is reduced. 

In the above explanation, "magnetic grains 7b which neighbor magnetic grains 7a" 
refers to a situation in which no other grains are present along the straight lines connecting the 
center of gravity 7c of magnetic grain 7a and the center of gravity 7d of magnetic grain 7b. In 
other words, grains which have positional relationships in which other grains are not present 
along the straight lines connecting their centers of gravity are considered to be neighboring. 

The thickness of the perpendicular magnetic film 4 is suitably 3 to 100 nm (and 
preferably 5 to 50 nm). When the thickness of the perpendicular magnetic film 4 is less than the 
above-mentioned range, it is not possible to obtain sufficient magnetic flux, and reproduction 
output is degraded. In addition, when the thickness of perpendicular magnetic film 4 exceeds 
the above-mentioned range, the magnetic grains within the perpendicular magnetic film 4 
become coarse, and the recording and reproducing characteristics are degraded, and this is not 
preferable. 

The coercive force of the perpendicular magnetic layer 4 is preferably made to be 3000 
(Oe) or greater. When the coercive force is less than 3000 (Oe), high-density recording is 
difficult, and thermal stability becomes inferior, therefore, this is not preferable. 

It is preferable for the magnetic recording medium to have a nucleation field (-Hn) of 0 
(Oe) or greater (and more preferably 500 (Oe) or greater). 

When the nucleation field (-Hn) is less than this range, thermal stability is degraded. 

In the measurement of the nucleation field (-Hn), in order to exclude the influence of the 
soft magnetic undercoat film 2, it is preferable to use a disc comprising only a substrate 1, an 
orientation control film 3, a perpendicular magnetic film 4, and a protection film 5, and to carry 
out the measurement on this disc using a vibrating sample magnetometer. In addition, it is 
possible to carry out the measurement of the nucleation field on the magnetic recording 
medium as it is. 
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As shown in Figure 3, the nucleation field (-Hn) expresses the distance (Oe) fi-om point 
a at which the external magnetic field is 0, to a point b at which magnetic reversal occurs in a 
process in which the external magnetic field is reduced from a condition of saturated 
magnetism, in a hysteresis curve (MH curve). 

It is preferable for the nucleation field (-Hn) to fall within the above-mentioned range 
when measured under conditions of 70°C. This is because the temperature to which the 
magnetic recording medium is exposed under normal use conditions when the magnetic 
recording medium is used in a magnetic recording and reproducing apparatus is TO^'C or less. 
Therefore, if the nucleation field (-Hn)is within the above-mentioned ranged under conditions 
of 70°C, it can be considered to display sufficient thermal stability. 

As shown in Figure 3, the nucleation field (-Hn) is a positive value when the point b at 
which magnetic reversal occurs is in the range which the external magnetic field is a minus 
value, and in contrast, the nucleation field (-Hn) is a negative value when the point b is in the 
range which the external magnetic filed is a plus value. 

The perpendicular magnetic film may be two or more layers having different 
compositions and structures, formed one upon the other. 

For example, the perpendicular magnetic film may comprise a plurality of magnetic 
layers and intermediate layers provided in between each of the magnetic layers. The crystal 
structure of the intermediate layer may have a B2 structure or a hep structure. The composition 
and structure of each of the magnetic layers may be identical to each other, or they may be 
different to each other. The material for the intermediate layers is not limited, however, in 
consideration of the consistency of the lattice, the use of Ru alloys in which Co, Cr, Fe, Ni, C, 
O, N, Si, B, or the like have been added to Ru is particularly preferable. The use of Ru is also 
preferable. The use of CoCr alloys to which Fe, Ni, Ru, Pt, Ta, C, O, N, Si, B, or the like have 
been added is particularly preferable. 

The protection film 5 is for the prevention of corrosion of the perpendicular magnetic 
film 4, and for the prevention of the scratching of the surface of the medium when the magnetic 
head makes contact with the medium, and conventionally known materials can be used, for 
example, it is possible to use materials which contain C, SiOa, and ZrOa. 
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The thickness of the protection film 5 is preferably 1 to 10 nm. 

In the lubricating film 6, it is preferable to use perfluoropolyether, fluorinated alcohol, 
fluorinated carboxylic acid, or the like. 

In the manufacture of a magnetic recording medium have the above-described structure, 
a soft magnetic undercoat film 2, an orientation control film 3, and a perpendicular magnetic 
film 4 are successively formed on a substrate 1 using materials having the above-mentioned 
compositions by means of sputtering, vacuum deposition, ion plating, or the like. Next, a 
protection film 5 is formed preferably by means of a plasma CVD method, an ion beam method, 
or a sputtering method. 

In order to form the lubricating film 6, a conventional publicly known method such as a 
dipping method, or a spin coat method can be used. 

In the magnetic recording medium having the above-mentioned structure, the 
perpendicular magnetic film 4 has a structure in which many magnetic grains 7 are separated by 
grain boundary layer 8, and the average separating distance A between these magnetic grains 7 
along straight lines which connect the centers of gravity of mutually neighboring magnetic 
grains 7 is 1 nm or greater. Therefore, the exchange interaction between the magnetic grains 7 
themselves can be reduced, and noise characteristics can be improved. 

In addition, the perpendicular magnetic film 4 comprises a CoCrPtX type alloy (X being 
at least one of Mo, B, V, W, Zr, Re, Cu, Ru, Hf, Ir, and Y), and a structure in which the amount 
of X contained is 0.5 to 15 at% is used. As a result, it is possible to promote the segregation of 
Cr in the grain boundary layer 8, and the Cr concentration ratio c2/cl between the magnetic 
grains 7 and the grain boundary layer 8 can be increased. 

Thereby, it is possible to increase the coercive force within the magnetic grains and to 
control the exchange coupling between magnetic grains 7. 

Consequently, the reproduction output can be improved, noise reduction can be 
achieved, and superior noise characteristics can be obtained. 

Figure 4 shows a second embodiment of the magnetic recording medium of the present 
invention. The magnetic recording medium shown here comprises a non-magnetic 
intermediate film 9 between an orientation control film 3 and a perpendicular magnetic film 4. 
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It is preferable for a non-magnetic CoCr alloy, and particularly, a CoCrPtXl alloy (XI 
being at least one of Mo, Ta, B, V, W, Zr, Re, Cu, Ru, Hf, Ir, and Y) to be used in the 
non-magnetic intermediate film 9. 

As the CoCrPtXl type alloy, it is preferable to use an alloy in which the Cr content is 20 
to 45 at%, the Pt content is 5 to 25 at%, the XI content is 0.5 to 20 at%, and the remainder is Co. 

It is preferable that the Cr content of the alloy is 30 to 45 at%. 

It is preferable for the non-magnetic intermediate film 9 to comprise a CoCr type alloy, 
have a structure in which crystal grains having a high Cr content are separated by a grain 
boundary layer having a low Cr content, and to have structure in which the average separating 
distance between the crystal grains is 1 nm or greater. 

When the average separating distance is less than the above-mentioned range, the 
separating distance between the magnetic grains 7 in the perpendicular magnetic film 4 
becomes small, and the noise characteristics are degraded. 

In the same way as for the separating distance of the magnetic grains 7 of the 
perpendicular magnetic film 4, this average separating distance can be calculated as the average 
value of the separating distance between crystal grains along a straight line connecting the 
centers of gravity of mutually neighboring crystal grains. 

In addition, the average grain diameter of the crystal grains is preferably 4 to 12 nm. 

When the average grain diameter is less than the above-mentioned range, the influence 
of the magnetic after-effect increases, and when it exceeds the above-mentioned range, the 
noise characteristics are degraded, therefore, this is not desirable. 

In the same way as for the magnetic grains 7 of the perpendicular magnetic film 4, the 
average grain size can be obtained by calculating grain diameters of circles having surface areas 
identical to those of a plurality of crystal grains, and taking the average thereof 

In the calculation of the average grain size and the average separating distance between 
grains, the number of crystal grains which form the subject of the calculation is suitably 100 or 
greater (and preferably 500 or greater) from the point of view of the reliability of the data. 

The thickness of the non-magnetic intermediate layer 9 is preferably 20 nm or less (and 
more preferably 1 0 nm or less) in order that there be no deterioration of the recording and 
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reproducing properties due to the magnetic grains 7 in the perpendicular magnetic film 4 
becoming coarse, and no degradation of the recording resolution due to the increase in distance 
between the magnetic head and the soft magnetic undercoat film 2. 

In the magnetic recording medium of the present embodiment, by providing a 
non-magnetic intermediate film 9, it is possible to increase the perpendicular orientation of the 
perpendicular magnetic film 4, and therefore, it is possible to increase the coercive force He of 
the perpendicular magnetic film 4, and to fiirther improve the recording and reproducing 
characteristics and the thermal stability. 

As shown in Figure 5, the orientation control film is not limited to a two-layered 
structure, and it may be a single layer structure comprising a single material. 

In this case, in the orientation control film 23, it is preferable to use a material which has 
one or two or more of Ti, Zn, Y, Zr, Ru, Re, Gd, Tb, and Hf as a main component. Of these, in 
particular, when Ru is used, it is possible to increase the perpendicular orientation of the 
perpendicular magnetic film 4, and therefore, this is preferable. 

As this material, in light of the consistency of the lattice with respect to the 
perpendicular magnetic film, an alloy can be used in which Co, Cr, Fe, Ni, or the like have been 
added to these materials. 

In addition, as this material, in order to reduce the crystal grains, an alloy can be used in 
which C, O, N, Si, or B has been added to these materials. 

In the orientation control film 23, it is possible to use either of the structures of the 
above-mentioned first orientation control layer 3a or the second orientation control layer 3b. 

The thickness of the orientation control film 23 is suitably 0. 1 to 50 nm (preferably 1 to 
25 nm, and more preferably 2 to 25 nm). 

When the thickness is less than the above-mentioned range, the perpendicular 
orientation within the perpendicular magnetic film 4 is degraded, and the recording and 
reproducing characteristics and thermal stability becomes inferior. In addition, when the 
thickness exceeds the above-mentioned range, the crystal grains become coarse, the crystal 
grains in the perpendicular magnetic film 4 become coarse, and the recording and reproducing 
characteristic are degraded. In addition, because the distance between the magnetic head and 
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the soft magnetic undercoat film 2 during recording and reproduction is increased, the 
resolution of the reproduction signal is degraded, and therefore, this is not desirable. 

Figure 6 shows cin example of a magnetic recording and reproducing apparatus which 
uses the above-mentioned magnetic recording medium. The magnetic recording and 
reproducing apparatus shown here comprises a magnetic recording medium 10, a medium drive 
section 1 1 for rotating and driving the magnetic recording medium 10, a magnetic head 12 for 
recording and reproducing information on the magnetic recording medium 10, a head drive 
section 13, and a recording and reproducing signal processing system 14. The recording and 
reproducing signal processing system 14 is able to process input data and send a recording 
signal to the magnetic head 12, and to process a reproduction signal from the magnetic head 12 
and output the data. 

As the magnetic head 12, it is possible to use a composite thin-film magnetic head 
comprising an MR element and a GMR element, and it is also possible to use a single magnetic 
pole head for perpendicular recording. 

According to the above-mentioned magnetic recording and reproducing apparatus, 
since the above-mentioned magnetic recording medium 10 is used, the noise characteristic can 
be improved, and high density recording is possible. 

In addition, in the present invention, main component indicates that the concerned 
component is contained at greater than 50 at%. 

EXAMPLES 

In the following. Examples are shown, and the actions and effects of the present 
invention are made clear. 

Test Example 1 

A washed glass substrate 1 (external diameter of 65 mm, and thickness of 0.635 mm; 
manufactured by Ohara Co.) was set within the chamber of a DC magnetron sputtering device 
(C-3010, manufactured by Anelva Co.), and the chamber evacuated to a vacuum of 
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1x10" Pa was reached- Thereafter, a soft magnetic undercoat film 2 (having a thickness of 
250 nm) comprising 89Co4Zr7Nb was formed on this glass substrate 1 by means of sputtering 
using a target comprising 89 at% Co, 4 at% Zr, and 7 at% Nb (89Co4Zr7Nb) under conditions 
of lOO^C or less. 

Next, under conditions of 210°C, an orientation control film 3 comprising a first 
orientation control layer (thickness 20 nm) comprising 50 at% Ni and 50 at% Al, and a second 
orientation control layer (thickness 20 nm) comprising 60 at% Ru, and 40 at% Co was formed 
on the soft magnetic undercoat film 2. 

Next, a perpendicular magnetic film 4 (thickness 20 nm) comprising 65 at% Co, 20 at% 
Cr, and 15 at% Pt was formed. 

Next, a protection film 5 comprising DLC (diamond like carbon) having a thickness of 
6 nm was formed by a CVD method. 

Next, a lubricating film 6 (thickness 2 nm) comprising perfluoropolyether was formed 
by means of a dip coating method, and thereby a magnetic recording medium was obtained. 

Test Examples 2 and 3 

Magnetic recording media were obtained in the same way as for Test Example 1 with 
the exception that the perpendicular magnetic film 4 comprised 73Col2Crl5Pt, and 
58Co24Crl8Pt respectively. 

Test Examples 4 to 13 

Magnetic recording media were obtained in the same way as for Test Example 1 with 
the exception that CoCrPtX ((65-x) at% Co, 20 at% Cr, 1 5 at% Pt, and x at% X) was used in the 
perpendicular magnetic film 4. 

With regard to the magnetic recording media of the above-mentioned Test Examples 1 
to 13, the results of observation of the perpendicular magnetic film 4 with regard to the surface 
parallel to the substrate 1 using TEM were that the perpendicular magnetic film 4 had a 
structure having a large number of magnetic grains 7 and a grain boundary layer 8 which 
separated them. The results of the calculation of the average grain diameter of the magnetic 

18 



grains 7 (magnetic grain diameter) and the average separating distance between the magnetic 
grains 7 (thickness of the grain boundary layer 8) are shown in Table 1 . 

In addition, the ratios c2/cl of the Cr concentration c2 of the grain boundary layer 8 and 
the Cr concentration cl of the magnetic grains measured using a field emission type perspective 
electron microscope are shown in Table 1 . 

In addition, the magnetic characteristic of coercive force He and nucleation field (-Hn) 
were measured using a vibrating sample magnetometer (VSM), 

In addition, the recording and reproducing characteristics (electrical performance) of 
these magnetic recording media were measured using a read-write analyzer, RWA 1632, and a 
spin-stand, SI 701 MP, manufactured by Guzik Co. 

In order to evaluate the recording and reproducing characteristics, measurement was 
carried out using a composite thin-film magnetic head having a giant magnetoresistance (GMR) 
element in the reproducing section, and a track recording density of 600 kFCI. 

In addition, the LFTAA shows the output when reproducing at 50 kFCI is carried out, 
SNR shows the ratio of the noise which occurs when recording at 600 kFCI and the reproducing 
output at 50 kFCI. 

In addition, in the evaluation of thermal stabiHty, after heating the substrate to 70°C and 
writing at a track recording density of 50 kFCI, the reduction in output (%/decade) with respect 
to the reproduction output one second after writing is calculated based on (Sq-S) x 1 00 / (So x 
3). In this formula. So represents the reproduction output one second after a signal is recorded 
on the magnetic recording medium, and S represents the reproducing output 1 000 seconds after 
a signal is recorded. The result is shown in Table 1 as thermal decay. 

Test Examples 14 to 29 

Magnetic recording media were obtained in the same way as in Test Example 1 with the 
exception that the materials shown in Tables 2 to 4 were used in perpendicular magnetic film 4. 

In the same way as for Test Examples 1 to 13, the magnetic grain diameter, the 
separating distance between grains, the magnetic characteristics, recording and reproducing 
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characteristics, and the thermal stability were evaluated and the results are shown in Tables 2 to 
4. 



Test Examples 30 to 52 

Magnetic recording media were prepared by forming a non-magnetic intennediate film 
9 in between the orientation control film 3 and the perpendicular magnetic film 4. 

In the same way as for Test Examples 1 to 13, the magnetic grain diameter, the 
separating distance between grains, the magnetic characteristics, recording and reproducing 
characteristics, and the thermal stability were evaluated and the results are shown in Table 5. 

Test Examples 53 to 69 

A washed glass substrate 1 (external diameter of 65 mm, and thickness of 0.635 mm; 
manufactured by Ohara Co.) was set within the chamber of a DC magnetron sputtering device 
(C-3010, manufactured by Anelva Co.), and the chamber evacuated to a vacuum of 1 x lO"^ Pa 
was reached. Thereafter, a soft magnetic undercoat film 2 (thickness of 250 nm) comprising 
89Co4Zr7Nb was formed on this glass substrate 1 by means of sputtering using a target 
comprising 89 at% Co, 4 at% Zr, and 7 at% Nb (89Co4Zr7Nb) under conditions of 100°C or 
less. 

Next, under conditions of 100°C or less, an orientation control film 3 comprising a first 
orientation control layer (thickness 20 nm) comprising 50 at% Ni and 50 at% Al, and a second 
orientation control layer (thickness 20 nm) comprising 60 at% Ru, and 40 at% Co was formed 
on the soft magnetic undercoat film 2. 

Next, a perpendicular magnetic film 4 (thickness 15 nm) comprising Si02, Si3N4, 
AI2O3, TiO, Ti02, TiN, or TiC as shown in Table 6 was formed. 

Next, a protection film 5 comprising DLC (diamond like carbon) having a thickness of 
6 nm was formed by a CVD method. 

Next, a lubricating film 6 (thickness 2 nm) comprising perfluoropolyether was formed 
by means of a dip coating method, and thereby a magnetic recording medium was obtained. 

The film forming pressure in each of Test Examples 1, 2 and 53-69 is as shown below. 
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Test Examples 53 to 59 and 64 to 69: 4.0 Pa. 
Test Examples 60 and 61: 1 .3 Pa. 
Test Examples 62 and 63: 2.7 Pa. 
Test Examples 1 and 2: 0.6 Pa. 



In the same way as for Test Examples 1 to 13, the magnetic grain diameter, the 
separating distance between grains, the magnetic characteristics, recording and reproducing 
characteristics, and the thermal stability were evaluated and the results shown in Table 6. 
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From Tables 1 to 5, it can be understood that in a magnetic recording medium in which 
a CoCrPtX type alloy (X being at least one of Mo, B, V, W, Zr, Re, Cu, Ru, Hf, Ir, and Y) is 
used in the perpendicular magnetic film 4, the separating distance between magnetic grains 7 is 
large, the Cr concentration ratio c2/cl is 1.4 or greater, the nucleation field (-Hn) is large, and 
the thermal decay is greatly improved. 

In addition, even when a non-magnetic intermediate film 9 comprising CoCrPtXl type 
alloy (XI being at least one of Mo, Ta, B, V, W, Zr, Re, Cu, Ru, Hf, Ir, and Y; and the content of 
Cr is 20 at% or greater) is formed between an orientation control film 3 and a perpendicular 
magnetic film 4, the same effects can be obtained. 

As has been explained above, in the magnetic recording medium of the present 
invention, the perpendicular magnetic film has a structure in which a large number of magnetic 
grains are separated by a grain boundary layer, and the average separating distance between 
these magnetic grains along straight lines which connect the centers of gravity of mutually 
neighboring magnetic grains is 1 nm or greater. Therefore, the exchange interaction between 
the magnetic grains themselves can be reduced, and the noise characteristics can be improved. 

In addition, the perpendicular magnetic film comprises a CoCrPtX type alloy (X being 
at least one of Mo, B, V, W, Zr, Re, Cu, Ru, Hf, Ir, and Y), and a structure in which the amount 
of X contained is 0.5 to 1 5 at% is used. As a result, it is possible to promote the segregation of 
Cr in the grain boundary layer, and the Cr concentration ratio between the magnetic grains and 
the grain boundary layer can be increased. 

Thereby, it is possible to increase the coercive force within the magnetic grains and to 
control the exchange coupling between magnetic grains. 

Consequently, the reproduction output can be improved, noise reduction can be 
achieved, and superior noise characteristics can be obtained. 

From Table 6, it can be seen that a CoPtX type alloy (where X is an oxide and a nitride, 
and 2 > c2/cl > 1 .4) is preferable; a CoCrPtX type alloy (where X is an oxide and a nitride, and 
2 > c2/cl > 1 .4) is more preferable; and a CoCrPtX type alloy (where X is an oxide and a 
nitride, and c2/cl > 2) is most preferable. This is clear in comparison with the results from Test 
Examples 1 and 2. 
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